The study tested whether high-density lipoprotein-cholesterol (HDL-C) has an effect on percutaneous coronary intervention (PCI)-induced myocardial infarction and its prognosis. Elevation of cardiac troponin I (cTnI) . 3Â upper normal limit after PCI is defined as PCI-related myocardial infarction (PMI) and is associated with a negative prognosis. No data exist on the relationship of HDL-C to PMI and PMI-related outcome.
Introduction
Percutaneous coronary intervention (PCI) is the major strategy to treat coronary artery stenosis. 1 However, elevations of cardiac biomarkers such as cardiac troponin T or I (cTnT or cTnI) or creatine kinase (CK) are observed in 30 -70% of patients after PCI 2 and are related to procedural characteristics and complications. 2 -5 Magnetic resonance imaging has established the pathophysiological substrate of these biomarker elevations after PCI to be a peri-procedural myocardial infarction. 6 Accordingly, the Joint ESC/ACCF/AHA/WHF Task Force for the Redefinition of Myocardial Infarction has suggested that the elevation of biomarkers more than three times the 99th percentile upper reference limit after PCI should be defined as infarction type 4a or PCI-related myocardial infarction (PMI). 7 By comparative analysis, the clinical significance of PMI and spontaneous acute myocardial infarction (AMI) in regard to prognosis is similar, 8 and consequently, PMI is associated with a higher incidence of long-term mortality and adverse cardiac events. 9, 10 High-density lipoproteins are a potent atheroprotective factor as shown in numerous epidemiological and interventional studies. Therapeutic administration of reconstituted high-density lipoprotein (rHDL) both in animal models and patients with coronary artery disease (CAD) has been shown to promote lesion stabilization. 11, 12 In addition, we have shown that administration of native HDL in mice prior to experimental myocardial ischaemia protected against reperfusion injury in a lesion-independent manner. 13 However, no data exist on the relationship between HDL-cholesterol (HDL-C) and PMI or PMI-related outcome. Thus, we tested the hypothesis that high endogenous HDL-C levels may have a beneficial effect on the incidence and extent of PMI, and assessed the association of HDL-C levels and PMI on the long-term outcome in patients undergoing elective PCI.
Methods

Patient population
Seven hundred and thirty-one patients undergoing elective PCI between 2004 and 2006 without acute coronary syndrome (ACS) defined as ST-elevation infarction or non-ST-elevation AMI within 4 weeks prior to intervention were retrospectively included at the West German Heart Center, University Hospital Essen, Essen, Germany. Of these, 350 patients were included who had a complete lipid profile and consecutive cTnI and CK measurements. Patients were not eligible if one of the following criteria was present: (i) elevated levels of cTnI prior to intervention (n ¼ 146), (ii) missing lipid (n ¼ 58) or cTnI values after PCI (n ¼ 44), and (iii) chronic renal insufficiency with a reduced glomerular filtration rate 60 mL/min (n ¼ 175; in several patients, more than one exclusion criterion was found). Glomerular filtration rate was calculated from serum creatinine levels according to the Wright-formula, which takes into account age, gender, and body surface area. 14 
Percutaneous coronary artery intervention
The indication for coronary angiography was based on the ACC/AHA recommendations and was performed according to standard protocols by experienced invasive cardiologists. Interventional procedures included percutaneous transluminal coronary angioplasty (PTCA), stent-implantation, rotablation, and combined PTCA/brachytherapy. If necessary, more than one lesion was treated during the procedure. Vessel closure was performed with routinely used vascular closure systems. A weight-adjusted bolus of heparin and an intracoronary bolus of 0.2 mg nitroglycerin were routinely given after the intubation of each coronary artery and prior to angiography. Clopidogrel (75 mg/ day after a loading dose of 300 or 600 mg depending on the time of initiation of clopidogrel prior to intervention) was started in addition to aspirin (100 mg/day). Intra-procedural complications, defined as vessel wall dissection, side branch occlusion, occlusion of vessels distal to the target lesion, plaque shift, or no-reflow were recorded as documented in the catheterization report during the intervention by the operating physician. Intra-procedural complications were counted on a per-patient base and not as separate events. Administration of a glycoprotein IIb/IIIa receptor inhibitor and post-procedural use of intravenous heparin were left to the operating physician's discretion.
Lipid profile and plasma markers
Cardiac troponin I and CK activity was determined in venous blood samples on the day prior to PCI, 6 h after PCI and again 12 -24 h after PCI, and in the case of the occurrence of symptoms which were interpreted as a post-procedural ischaemic event. The peak value of cTnI was used for statistical analysis. This assay has an UNL for men of 174 U/L and for women of 140 U/L. Total cholesterol, low-density lipoprotein-cholesterol (LDL-C), HDL-C, triglycerides, serum creatinine, HbA1c, and C-reactive protein were routinely measured in a fasting state in venous plasma using standard assays. Data were considered appropriate for analysis if the parameters were measured during the hospital stay for PCI, or within 14 days prior to intervention when patients presented to the hospital on an outpatient basis for evaluation of the PCI-procedure. In case patients presented earlier than 14 days prior to the procedure or if parameters were determined on a subsequent presentation, the data were considered invalid and these patients were not included. All blood values were measured in the central laboratory of the University Hospital Essen.
Follow-up
Follow-up data were collected during January and February 2008. Data were obtained by telephone interviews with the patients or their relatives and by inviting patients to complete a standardized questionnaire which was sent to the patients during the follow-up collection period. Endpoint of follow-up was defined as the occurrence of spontaneous AMI (ST-elevation infarction or non-ST-elevation myocardial infarction occurring .24 h after PCI), if the AMI had occurred during the initial stay (hospital records) or thereafter (according to the general physician's or to hospital records).
Statistical analysis
Data are expressed as mean + SD or median (range) for continuous variables, and frequency count and percentage for qualitative variables.
High HDL-C reduces risk and extent of PCI-related myocardial infarction
Comparison of groups was performed with Mann-Whitney rank-sum test for quantitative variables and by x 2 -test for percentages of qualitative variables. In case of multiple comparisons, a Tamhane-T2 test for post hoc analysis was performed with indication of the P-value and the confidence interval. Spearman's rank-order correlation was used to assess the association between HDL-C levels and levels of cTnI. Univariate logistic regression analyses were performed with the dependent variable 'PMI absent: 0, PMI present: 1' and the independent factor 'HDL-C level' as well as with the independent factor, 'LDL-C level' and with the parameter 'treatment modalities (combination of balloon dilation/stent implantation or stent implantation only)'. Logistic regression analysis was additionally performed with the dependent variable 'intra-procedural complication absent: 0, present: 1' and the independent factor 'treatment modalities (combination of balloon dilation/stent implantation or stent implantation only)'. A multivariable logistic regression analysis utilizing single-step block entry of the predictor variables was performed with the dependent variable 'PMI absent: 0, PMI present: 1' and the predictor variables 'HDL-C levels, age, and gender', and with the predictor variables 'HDL-C levels, age, gender, triglycerides, LDL-C, impaired glucose tolerance, and intake of statins'. Results are described as odds ratios (ORs) with 95% confidence intervals (95% CIs). Cox regression analyses using single-step block entry of independent factors were used to determine the relationship between AMI-free survival time after PCI and the independent factors 'HDL-C level' and 'PMI', and with the independent factor 'low-risk HDL-C level'. The definition of 'low-risk HDL-C levels' was based on the definition of the European guidelines on cardiovascular disease prevention, 15 which define low-risk HDL-C levels as levels in men !40 mg/dL and in women !45 mg/dL. Results are described as hazard ratios (HRs) with 95% CIs. Analysis of AMI-free survival time after PCI was performed according to the KaplanMeier procedure, evaluating group differences by log-rank test. One patient reported diagnosis of silent AMI during follow-up assessment.
This patient was not included into the Kaplan -Meier analysis for uncertainty of the event date. For 2 Â 2-crosstabulation, the exact two-sided significance values are given. P-values are understood to be strictly descriptive. Statistical significance was assumed for P , 0.05. All analyses and graphs were performed with SPSS 17.0 (Chicago, IL, USA), except the Forest-plot, which was drawn by an online available graph plotting program. 16 
Results
High pre-procedural high-density lipoprotein-cholesterol levels reduce the risk for percutaneous coronary intervention-related myocardial infarction Figure 1A ]. There were no differences between the two groups in regard to other lipid parameters or to demographic characteristics ( Tables 1 -3) . Pre-procedural HDL-C levels were weakly and inversely correlated to the peak cTnI levels after PCI (r ¼ 2 0.11, P ¼ 0.042). The HDL-C levels prior to PCI were significantly related to the occurrence of PMI. For an increment of 5 mg/dL (0.13 mmol/L) of HDL-C, the OR was 0.884 (95% CI: 0.80, 0.98; P ¼ 0.02), demonstrating a reduction of the risk for infarction after PCI procedure by 11.6% per 5 mg/dL increment of HDL-C prior to PCI. In contrast to these findings, the levels of LDL-C [per increment of 10 mg/dL (0.26 mmol/L)] were not related to PMI (OR: 0.97, 95% CI: 0.91, 1.04; P ¼ 0.4). The probability to develop PMI was dependent on procedural characteristics as well: patients without PMI were more often treated with stent implantation without a pre-dilation, whereas those with PMI were more often treated with the combination of balloon dilation/stent implantation ( Table 2) . Accordingly, treatment with stent implantation lowered the probability to develop PMI (OR: 0.68, 95% CI: 0.54, 0.85; P , 0.001), whereas the combination of balloon dilation/stent implantation increased the probability for PMI (OR: 1.33, 95% CI: 1.15, 1.55; P , 0.001). In patients with PMI, intra-procedural complications (as defined in detail in the Methods section) were more often recorded than in patients without PMI (17.4 vs. 8.9%, P ¼ 0.034). As expected, the occurrence of intra-procedural complications was dependent on the type of intervention, as interventions applying multiple manipulations of the target lesion (combination of balloon dilation/stent implantation) were predictive for intra-procedural complications (OR: 1.57, 95% CI: 1.24, 1.98; P , 0.001), contrary to procedures treating the target lesions with sole stent implantation without any additional dilation (OR: 0.51, 95% CI: 0.36, 0.73; P , 0.001). At the time of intervention, 76% of all patients were on statin medication ( Table 3) . Total cholesterol levels were lower in treated patients when compared with untreated patients [4.61 mmol/L (2.36-8.88) vs. 5.13 mmol/L (2.85-7.61), P ¼ 0.04], whereas HDL-C, LDL-C, and the LDL-C:HDL-C ratio did not differ. Intake of statins was neither associated with lower post-interventional levels of cTnI [0.13 ng/mL (0.00-41.53) vs. 0.12 ng/mL (0.00-2.67), P ¼ 0.77] nor with lower incidence of PMI (P ¼ 0.85).
In the multivariable logistic regression analysis including the independent predictors 'HDL-C level', 'age', and 'gender', the association between the pre-procedural HDL-C levels and the occurrence of PMI remained significant [ High-density lipoprotein-cholesterol levels determine outcome after percutaneous coronary intervention Follow-up was available for 88.6% of all patients (87.0% of the patients with previous PCI-related myocardial infarction vs. 89.4% of the patients without previous PCI-related myocardial infarction, P ¼ 0.59). Median follow-up time was 873 days (interquartile range 684.0-1043.0 days). During follow-up, spontaneous AMI occurred in 19 patients (6.1%) after 160 days (inter-quartile range 59.0-550.0 days). The cumulative incidence of AMI during follow-up was higher in patients with previous PMI than without PMI (13.0 vs. 2.9%, P ¼ 0.001), and the incidence rate was higher in patients with previous PMI than without previous PMI (PMI: 0.44/100 patient-days vs. 0.29/100 patient-days). In patients with 'high-risk HDL-C', the occurrence of PMI after PCI was also associated with an elevated HR for AMI (HR: 3.060, 95% CI: 0.76, 12.26; P ¼ 0.11; Figure 2 ).
Discussion
The major findings of this study are: (i) pre-procedural HDL-C levels reduce the risk for PMI after elective PCI, (ii) increasing HDL-C levels are associated with a diminished extent of PCI-associated myocardial necrosis, (iii) pre-procedural HDL-C levels determine the outcome after elective PCI in respect to the occurrence of AMI, and (vi) PMI is associated with a negative long-term prognosis in patients with HDL-C levels considered of both high and low risk (,40 mg/dL in men and ,45 mg/dL in women, and !40 mg/dL in men and !45 mg/dL in women, respectively 15 ).
Potential mechanisms of high-density lipoprotein-cholesterol-mediated protection against percutaneous coronary intervention-related myocardial infarction: beneficial effects on both plaque and myocardium
Myocardial necrosis during PCI depends on interventional characteristics (balloon inflation time, maximal inflation pressure, and number of stents) and procedural complications (side branch occlusions or distal vasoconstriction). These factors determine the extent and duration of ischaemia prior to reinstitution of blood flow, 2 -5 and thus the extent of the subsequent 'ischaemia/ reperfusion injury'. In addition, the characteristics of the targeted atherosclerotic lesion influence the risk of microembolization in the perfusion territory of the intervened artery: manipulation of lipid-rich lesions has been associated with surrogate markers of microembolization such as no-reflow, microvascular dysfunction, and cardiac marker elevation. 17 -21 The actual existence of microemboli after PCI has been visualized via intracoronary Doppler ultrasound and their numbers have been correlated with cTnI elevation and reduction of coronary flow velocity reserve. 22 The beneficial effect of HDL-C on PMI we have observed in our study may be due to its impact both on the myocardium and the High HDL-C reduces risk and extent of PCI-related myocardial infarction plaque. High HDL-C levels may have had induced a more stable plaque morphology prior to the intervention, thus reducing the incidence of microembolization when the PCI was performed. During the procedure and in its aftermath, high HDL-C levels may have protected the myocardium against the procedure-related micro-infarctions via their potent anti-adhesive, anti-oxidative, and anti-inflammatory properties, and by preserving the microvascular integrity and/or by stimulation of cardiac perfusion. 13,23 -28 In support of these notions, we have shown in previous studies that myocardial injury and post-ischaemic inflammation after transient coronary occlusion in mice were dramatically attenuated by administration of native human HDL, 13 and that human HDL increased cardiac perfusion in mice. Furthermore, high HDL-C levels have been shown to stabilize plaques, attenuate lesion progression, and even promote lesion regression in experimental animal models 29 and patients with CAD, 30, 31 and exogenous administration of rHDL has been shown to reduce plaque volume and promote lesion stabilization in animals 11 and patients. 12 Such HDL-C-induced changes seem to affect particularly the lipid core and inflammatory content of plaques. 32, 33 Thus, both myocardium-and plaque-specific biological properties of HDL may be responsible for its protective effect against PCI-related myocardial injury.
Pre-procedural high-density lipoprotein-cholesterol, percutaneous coronary intervention-related myocardial infarction, and consequences for prognosis
Our results are in line with other studies associating PCI-related myocardial injury with higher incidence of long-term mortality and adverse cardiac events. 9, 10 However, our results demonstrate that pre-procedural HDL-C levels determine the extent and severity of PMI after elective PCI, and thus clearly influence injurydependent prognosis. The mechanism how high HDL-C prevents the adverse long-term outcome may be based on its aforementioned effects on cardiac perfusion, myocardial survival, and possibly remodelling. 23 In support of our observations for patients with stable CAD, previous studies on patients with ACS also showed a significant inverse relationship between baseline HDL-C levels and outcome. 34, 35 In the MIRACL trial, 34 a reduction of the risk for cardiovascular events of 1.4% was found for each increment of HDL-C by 1 mg/dL, and the analysis of HDL-C-quartiles demonstrated a significant risk reduction in quartile 4 relative to quartile 1 during a follow-up of 16 weeks. 34 The influence of baseline HDL-C levels on outcome in the setting of ACS was still effective after 1 year, in that low HDL-C-baseline levels (,40 mg/dL in men and ,45 mg/dL in women) were related to a significantly higher incidence of death, myocardial infarction, and target lesion revascularization. 35 Both groups of patients (ACS in the MIRACL trial, and stable CAD in our study) may have coronary microembolization as the common cause of myocardial injury: microembolization occurs both during ACS (spontaneous plaque rupture) and PCI-related manipulations on the plaque. High-density lipoprotein may be cardioprotective via similar mechanisms in both studies: the more stable plaque morphology in patients with high HDL-C may result in a lesser and milder microembolization in case of plaque rupture, and HDL-C may additionally exert a direct cardioprotective effect. In summary, the current study strengthens the notion of the importance of HDL-C levels for cardiovascular outcome in any stage of the disease. Importantly, although HDL-C levels of ,40 mg/dL (1.03 mmol/L) in men and ,45 mg/dL (1.16 mmol/L) in women are currently regarded as markers of high cardiovascular risk, 15 a notion supported by our findings, we would nevertheless suggest that any elevation of HDL-C regardless of actual levels may be important prior to PCI as our findings clearly show that HDL-C increments of 5 mg/dL (0.13 mmol/L; as well as 1 mg/dL, data not shown) have a profound beneficial influence on the occurrence of PMI and AMI over the whole range of HDL-C levels.
Although there are limitations of generalizing this observation as elaborated below, we consider it important to be aware that even small increases in HDL-C levels convert into cardioprotection during PCI and are therefore a worthy aim to pursue. In the present study, we observed that patients suffering from PMI were at a high risk for AMI, despite 'low-risk HDL-C levels' [men !40 mg/dL (!1.03 mmol/L) and women !45 mg/dL (!1.16 mmol/L) 15 ]. This finding may be simply due to the fact that once myocardial injury has occurred its impact on prognosis is far stronger than any effect plasma HDL-C levels may have. It also points out how important pre-procedural HDL-C levels may be to avoid PMI and thus improve long-term prognosis of PCI. Vice versa, it also demonstrates that patients with PMI should receive particular attentive monitoring over a long period after PCI to prevent AMI, despite them having 'low-risk HDL-C'. As the occurrence of PMI has such a significant influence on the cardiovascular outcome during the long-term follow-up, these results support the ESC recommendation of measurement of cardiac biomarkers during the first 24 h after PCI to detect PMI. 7 There is ample evidence of the importance of elevated levels of C-reactive protein as predictors for the development of coronary heart disease 36 and the occurrence of cardiovascular events. 37 High plasma C-reactive protein correlates with vulnerable plaque morphology and plaque rupture in AMI. 38, 39 The reason we did not find differences in plasma C-reactive protein levels between the groups with and without PMI may lie in the different causality of myocardial damage between a spontaneous AMI and a procedure-related infarction: although AMI caused by plaque rupture is accompanied by an inflammatory process that can be monitored by C-reactive protein, the induction of injury during an elective PCI is caused by procedure-related microembolization unrelated to the actual state of vascular inflammation. A recent study supports this interpretation by demonstrating no relationship between the C-reactive protein levels and occurrence of cardiovascular events during elective PCI and the 6-month follow-up. 40 We did not observe any influence of statin intake on myocardial injury (PMI or AMI), despite the known beneficial effect of statins on the risk of recurrent adverse events shown in a number of randomized trials. 41 This is of no contradiction to the statin trials as the design of our study does not permit any statement on the effectiveness of pharmacologic intervention on outcome. In our study, all patients were clinically stable and the majority (76%) had been on statin medication at the time of PCI. A direct comparison of patients on statins vs. not on statins was not possible due to the limited number of patients without statins, although it is entirely possible that patients without statins (if available in a sufficient number and followed for a longer time) may have shown a worse outcome. An important question for the future is the choice of the appropriate therapy for increasing HDL levels. The known life style changes that affect HDL-C levels such as dietary intervention and physical activity may not be applicable on a short-term basis and in all patients. The drug therapy for HDL-C-elevation is based on three substance classes: statins, fibrates, and nicotinic acid. Although statins are widely used in patients with CAD to lower total and LDL-C, they show only moderate (5-15%) increase of the levels of HDL-C. 41 Therapy with fibrates results in an HDL-C increase of up to 11%, whereas nicotinic acid is by far more effective as it increases HDL-C levels up to 23%. 42 For all three drug classes, a significant effect on the reduction of major cardiovascular endpoints was demonstrated. 43 However, a recent analysis of the effects of atorvastatin, fenofibrate, and nicotinic acid administered to patients with severe HDL-C deficiency in an intra-individual comparison design supported the clear advantage of nicotinic acid over the other two drugs in respect to raising HDL-C levels (22% compared with 6% with fenofibrate and no effect by atorvastatin). 44 
Limitations of the study
Our analysis is based on a collective of patients who are part of a larger cohort (n ¼ 350 of n ¼ 731). At the time of intervention, not all parameters of interest were collected or recorded in the total cohort, requiring the exclusion of many patients from further analysis (this is referred to in the Methods section). Although studying a subgroup population represents a limit to the message of any analysis, we deem the 'real-life' nature of our message too important to refrain from presenting, especially as it substantially extends previous findings in this field. 34, 35 Thus, any generalizations based on our findings should be made with caution and in consideration of the respective patient collectives. Nevertheless, the findings of a relationship between HDL-C, PMI, and the outcome after PMI in stable CAD patients might warrant prospective studies on this issue and become, eventually, important for the treatment of the stable CAD patients we daily see.
Conclusions
We have identified HDL-C as a clear determinant of both incidence and extent of PMI in patients undergoing elective PCI in that even small increases in HDL-C convert into a substantial reduction of risk for PMI. Future prospective studies are needed to determine whether therapeutic HDL-C elevation should be recommended prior to elective PCI for any patient. As patients suffering from PMI despite low-risk HDL-C levels are at a high risk for AMI, this patient group should receive particular attentive monitoring of the cardiovascular risk factors by the treating physician over a long period after PCI.
